We previously demonstrated a correlation between the presence of syncytium-inducing (SI) human immunodeficiency virus type 1 (HIV-1) variants showing tropism for cell line H9 and the occurrence of rapid CD4 cell decline and progression to AIDS. In contrast, in stable asymptomatic individuals, we detected only isolates with low replication rates that were non-syncytium-inducing (NSI) and nontropic for the H9 cell line. Here, we investigated the monocytotropism of established HIV-1 isolates with a panel of isolates and with biological HIV-1 clones with distinct phenotypes. Moreover, the prevalence and biological phenotypes of monocytotropic HIV-1 variants in the course of HIV-1 infection were analyzed in comparative primary isolation studies on peripheral blood lymphocytes (PBL) and monocyte-derived macrophages (MDM). In cell-free infection studies with MDM from eight blood donors, 13 of 17 NSI isolates but only 4 of 14 SI isolates were able to infect MDM. NSI isolates also infected significantly more different donors than SI variants (median, 3 of 8 versus 0 of 8). This enhanced monocytotropism of NSI isolates was confirmed in experiments with biological HIV-1 clones with distinct phenotypes recovered from the same donor. To investigate the prevalence and biological phenotypes of monocytotropic variants in different stages of HIV-1 infection, sequential isolates from peripheral blood mononuclear cell samples from nine asymptomatic individuals, five of whom progressed to AIDS and seven of whom had a known time of seroconversion, were recovered by cocultivation with both PBL and MDM. Monocytotropic variants were obtained from 37 of 42 time points. All monocytotropic variants were NSI in PBL culture and non-T-cell-line tropic, even when SI, T-cell-line-tropic HIV-1 variants could be recovered from the same patient sample by cocultivation with PBL. We conclude that monocytotropic HIV-l variants mostly have an NSI phenotype in PBL and, in contrast to SI variants, are present at all stages of HIV-1 infection. These results suggest an important role for monocytotropic variants in the persistence of HIV-1 infection.
In studies on human immunodeficiency virus type 1 (HIV-1) isolates obtained from peripheral blood mononuclear cell (PBMC) samples from infected individuals by coculture with phytohemagglutinin (PHA)-stimulated donor peripheral blood lymphocytes (PBL), we and others have observed differences in viral biological properties, such as syncytium-inducing (SI) capacity, replication rate, and tropism for particular cell lines (1, 4, 9, 32, 39) . In longitudinal studies, we have demonstrated an association between the clinical course of infected individuals and the biological phenotype of their sequential HIV-1 isolates (33) . Recovery of SI, H9-cell-line-tropic variants was correlated with subsequent rapid progression to AIDS (33, 34) . The SI variants appeared only in the course of infection, preceding clinical deterioration (33) . In long-term asymptomatic individuals, non-syncytium-inducing (NSI) variants were detected from the time of seroconversion on (33) . These NSI HIV-1 variants were unable to replicate in the H9 cell line and showed variable replication rates. Furthermore, a correlation between the replication rate and the rate of CD4+ cell decline in vivo could be demonstrated (33) . cultured in vitro, which resulted in MDM. In brief, PBMC were obtained from citrated venous blood by isolation on a Percoll density gradient and then further enriched for monocytes by centrifugal elutriation.
[3H]thymidine incorporation in these cells upon stimulation with phytohemagglutinin (PHA) did not exceed background levels, demonstrating the virtual absence of T cells in the monocyte preparation. Monocytes were cultured for 5 days at a cell concentration of 106 monocytes per ml in endotoxin-free (22) Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% pooled human serum, penicillin (100 U/ml), streptomycin (100 ug/ml), and, in some cases, granulocyte-macrophage colony-stimulating factor (GM-CSF; 100 U/ml; Sandoz, Basel, Switzerland). Cells were plated in 24-well plastic tissue culture plates (Nunc) at 1 ml per well and maintained at 37°C in a humidified atmosphere supplemented with 5% CO2. Cultures were kept for 6 to 7 weeks, and the medium was changed every fifth day during the first 25 days of culture and once a week from then on.
PBL. PBMC were suspended at 5 x 106 cells per ml in IMDM supplemented with 10% fetal calf serum (Hyclone), penicillin (100 U/ml), streptomycin (100 ,ug/ml), and PHA (5 ,ug/ml). After 2 days, the nonadherent cells were harvested. These PBL were infected and resuspended to a cell concentration of 106/ml in 8 ml of medium (without PHA) supplemented with partially purified interleukin-2. (24) . Virus stocks were grown in PHA-stimulated PBL except for HTLV-III Ba-L, which was grown on monocytes, and cell-free supernatants were frozen at -80°C. Virus numbers in stocks were determined by measunng reverse transcriptase (RT) activity as described before (32 (36) . Triton X-100-treated culture supernatant samples or Triton X-100-lysed cells were added to microtiter plates (Nunc) coated with purified, pooled human anti-HIV-1 immunoglobulin G (30) . Bound p24 was detected with horseradish peroxidase-labeled monoclonal antibody to p24, shown to recognize all HIV-1 isolates (36) . A culture was considered positive when p24 levels were higher than two times the level in the negative control in at least two successive supernatant samples. The absence of p24 in supematant samples negative in the in-house p24 capture assay (cutoff, 300 pg/ml) was confirmed in a more sensitive commercial p24 antigen capture assay (Abbott Laboratories, Chicago, Ill.).
Three times a week, the PBL cultures were checked for syncytium formation as described before (32) . Each time, at least 10 microscope fields (magnification, x100) were observed.
RESULTS
Replication of established HIV-1 isolates in MDM and PBL.
We compared two groups of established NSI (n = 17) and SI (n = 14) isolates for their ability to productively infect MDM and PHA-stimulated PBL cultures. Virus inocula were standardized by RT activity; duplicate MDM cultures were precultured for 5 days in the presence or absence of GM-CSF from eight different blood donors, and PBL cultures were infected with a fixed amount of virus stock (5 x 105 cpm of RT activity). Following infection, culture supernatants were periodically tested for the presence of p24 antigen in a p24 antigen capture ELISA.
The two groups of virus isolates showed a significant difference (Fisher's exact test; P = 0.013) in their capacity to productively infect MDM (Fig. 1 ). Both groups were also significantly different in the number of different donor MDM they could infect (Mann-Whitney U-Wilcoxon rank sum W test; P = 0.027). Most NSI isolates (13 of 17) were able to productively infect MDM, and the majority of these isolates could infect monocytes from more than one donor (median, three of eight). Interestingly, all four NSI isolates obtained from patients progressing toward AIDS dementia (34) All the virus isolates used were able to infect 2-day PHA-stimulated PBL (PHA-PBL). The two groups of isolates, NSI and SI, differed in the total amount of virus production and the time lapse between infection and first detection of virus in the culture supernatant (32, 33) . Replication of four viruses in both MDM and PBL cultures is shown in Fig. 2 . In PHA-PBL, the SI variants ACH-158.15 and ACH-479.8 had the highest replication rate and showed the highest virus production in their group (Fig. 2A) . In MDM, only ACH-479.8 was able to replicate, and the replication rate and virus production were low (Fig. 2B) and HIV-Ams-101 were the earliest detectable isolates and they showed the highest virus production of all the peripheral blood NSI isolates. In PBL culture, however, these isolates appeared to be slow and they replicated to lower titers than the SI variants.
Since intracellular accumulation of virus particles in MDM has been described elsewhere (16, 26) (11, 39) . Since it is likely that, during in vitro passage, selection for fast-replicating clones occurs, the isolates used in the studies described above probably do not represent the full spectrum of HIV-1 clones present in the peripheral blood of the individual at the moment of sampling.
In an earlier study, we circumvented the problem of in vitro selection of high-replication HIV-1 clones by isolating virus by a direct clonal method using 96-well microtiter plates (35 (Table 2 ). The phenotypes of these isolates were compared with the phenotypes of HIV-1 isolates obtained from the same samples by cocultivation with PHA-stimulated PBL. For five patients (no. 186, 232, 331, 349, and 1145), only NSI, non-H9-tropic isolates were obtained in this way (data not shown). For three individuals, conversion of HIV-1 phenotype from NSI and non-T-cell-line-tropic to SI and T-cellline-tropic (33) was observed in sequential isolates obtained by cocultivation with PBL. In addition, all isolates obtained by PBL cocultivation from subject 105 were of the SI phenotype. In Table 3 , the phenotypes of the isolates from these four individuals obtained either by cocultivation with PBL or MDM are summarized. In the PBL isolation procedure, a decrease in the time before detection of HIV-1 replication was observed, reflecting the emergence of more virulent variants (33, 35) . In contrast, significant changes in the replication rate of HIV-1 isolates in MDM culture were not observed. Except for the last sample from individual 105, which induced few, small syncytia, all MDM-derived isolates were NSI in PBL, even when the PBL-derived isolate from the same sample was SI, and none of them could be transmitted to T-cell lines.
These results demonstrate that virus isolation by coculture with MDM preferentially rescues HIV-1 variants with an NSI phenotype in PBL culture even when SI clones, which have a growth advantage in PBL culture (32) , are present in the same patient sample. This again indicates that monocytotropic variants reside mainly in the population of NSI, non-T-cell-line-tropic HIV-1 clones.
DISCUSSION
In previous studies, we demonstrated that HIV-1 isolates may be divided into two groups, SI and NSI, according to their biological phenotype in PBL culture. Also, a correlation between the phenotype of the virus isolate and clinical progression was observed. In this report, we demonstrate an inverse correlation between the SI capacity of HIV-1 isolates and their monocytotropism. In cell-free infection experiments, the majority of NSI isolates (13 of 17) but a minority of SI isolates (4 of 14) were able to productively infect MDM. In addition, NSI and SI variants also varied in the number of MDM (16) . Others, however, have drawn attention to the relative absence of cytopathic changes in HIV-1-infected monocyte cultures in comparison to infected PBL cultures (14, 19, 25, 31 (2, 25) . Further support for this hypothesis comes from the case of a laboratory worker who accidentally got infected with the T-cellline-tropic HTLV-IIIB isolate and from whom only a genetically similar monocytotropic variant could be isolated (40) .
A role for macrophages as a virus reservoir in HIV-1 infection has been postulated previously (21, 41 
